Abstract. Sphingosine kinases (SphKs) catalyze the conversion of the sphingosine to the promitogenic/migratory product, sphingosine-1-phosphate (S1P). SphK/S1P pathway has been linked to the progression of cancer and various other diseases including allergic inflammatory disease, cardiovascular diseases, rejection after transplantation, the central nervous system, and virus infections. Therefore, SphKs represent potential new targets for developing novel therapeutics for these diseases. The history and development of SphK inhibitors are discussed, summarizing SphK inhibitors by their structures, and describing some applications of SphK inhibitors. We concluded: i) initial SphK inhibitors based on sphingosine have low specificity with several important off-targets. Identification the off-targets that would work synergistically with SphKs, and developing compounds that target the unique C4 domain of SphKs should be the focus of future studies. ii) The modifications of SphK inhibitors, which are devoted to increasing the selectivity to one of the two isoforms, now focus on the alkyl length, the spacer between the head and linker rings, and the insertion and the position of lipidic group in tail region. iii) SphK/S1P signaling pathway holds therapeutic values for many diseases. To find the exact function of each isoform of SphKs increasing the number of SphK inhibitor clinical trials is necessary.
Introduction
Sphingosine kinases (SphKs) are biological lipid kinases that regulate the sphingolipid metabolic pathway. SphKs control multiple important cell processes and play an important role in numerous hyperproliferative and inflammatory diseases.
Briefly, the de novo way of sphingolipid synthesis is a conduction from serine and palmitate to the formation of 3-ketodihydrosphingosine through serine palmitoyltransferase (SPT) enzyme. In turn, 3-keto-dihydrosphingosine is reduced to dihydrosphingosine, followed the acylation by a (dihydro)-ceramide synthase (also known as lass or CerS) (1) . After desaturation of dihydroceramide, ceramide is produced. Ceramide is a central hub of sphingolipid metabolism which can be phosphorylated by ceramide kinase to form ceramide-1-phosphate; glycosylated by glucosylceramide synthase or galactosylceramide synthase; converted to sphingomyelin by sphingomyelin synthase; or finally broken down by a ceramidase to form sphingosine (2) . Sphingosine can be recycled into sphingolipid pathways by ceramide synthase or it can be phosphorylated by one of two SphKs (SphK1 and SphK2) to form sphingosine-1-phosphate (S1P). Also, the product S1P can be dephosphorylated to regenerate sphingosine by S1P phosphatases. The only exit pathway of sphingolipid pathways is metabolism of S1P mediated by S1P lyase (3) (Fig. 1) . These interconnected metabolites interact with specific protein targets, such as kinases, phosphatases and G protein coupled receptors (S1P receptors) (4) , to exert their cell responses.
SphKs are the only enzymes that catalyze ATP-dependent phosphorylation of sphingosine to S1P. The balance between the cellular levels of S1P and ceramide/sphingosine, so-called sphingolipid rheostat, acts as an important regulator of cell (5) . S1P is both an extracellular messenger and an intracellular second messenger. As an extracellular messenger, S1P is a specific and high-affinity ligand for a family of G-proteincoupled receptors (gPCRs) (6, 7) . S1P binding to these receptors could trigger a wide range of cellular responses, including proliferation, inhibition of apoptosis, formation of actin stress fibres, stimulation of adherent junctions and enhanced extracellular matrix assembly (8) (9) (10) (11) . As an intracellular second messenger, S1P stimulates various plasma-membrane receptors, such as platelet-derived growth factor receptor (PDgFR) and Fcγ receptor 1 (FcγRI) (12, 13) . Inhibition of SphKs strongly reduces cellular events triggered by these receptors. Now, SphK/S1P signaling is considered to be involved in many physiological and pathological processes, including cardiovascular system, inflammation, cancer process, transplantation, virus infections and central nervous system, which will be introduced in detail in the application section of this review (14) (15) (16) (17) (18) (19) . SphKs have five conserved domains (C1-C5). C1-C3 domains are also found in ceramide kinase (CERK) and diacylglycerol kinases (DAgK), whereas C4 domain appears to be unique domain in SphKs (20) . The two SphK isoforms (SphK1 and SphK2) regulate the phosphorylation metabolism. Compared to SphK1, SphK2 has ~240 additional amino acids. human SphK1 localizes to chromosome 17 (17q25.2), whereas SphK2 maps to chromosome 19 (19q13.2) (21) , indicating different functions of SphKs. SphK1 exists mostly in cytoplasm and migrates to plasma membrane upon phosphorylation. It is involved in the formation of cancers by enhancing cancer cell proliferation and invasion (22, 23) . Moreover, SphK1 expression is correlated with severity and poor prognosis of cancers, and chemotherapy resistance (24) (25) (26) (27) . Also, SphK1 participates in immunological and inflammatory responses in human body (28). SphK2 localizes in the nucleus to inhibit DNA synthesis and regulate hDAC1/2 activity (29). Downregulation of SphK2 inhibits the effects of inflammation, proliferation and migration in tumor cells (30-33). Specifically, SphK2 affects the function of mitochondria involved in the central nervous system diseases (34). Levels of mRNA encoding SphK1/2 are significantly higher in tumors of rectum, stomach, kidney, colon, uterus, ovary, breast and lung compared with normal tissues from the same patient (35). Administration of polynucleotides encoding SphKs can induce blood vessel formation (36,37). Overall, the evidence suggests that inhibition of SphKs may be an effective therapy for many diseases (38).
Sphingosine kinase inhibitors: A patent review
Due to the function of SphKs and S1P, the SphK/S1P pathway is now considered as a novel and innovative target for the treatment of many diseases. Since the past decade, there is growing interest in developing novel inhibitors of SphKs and their application in clinical practice. This review consists of three parts. The first part summarizes the history and development of SphK inhibitors; the second part introduces SphK inhibitors by their structures; the third part describes some applications of SphK inhibitors.
The history and development of SphK inhibitor
Sphingolipids, are a class of lipids containing a backbone of sphingoid bases, a set of aliphatic amino alcohols that includes sphingosine. They were discovered in brain extracts in the 1870s and named after the mythological Sphinx because Figure 1 . Sphingolipid metabolic pathway. Ceramide is in the center of sphingolipid metabolism, generated by de novo-sphingolipid synthesis or by sphingomyelin degradation. The de novo synthesis of ceramide begins with 3-ketodihydrosphingosine formed by serine and palmitate through the action of SPT; has experienced the process of the formation of dihydrosphingosine, dihydroceramide, and is eventually generated by the action of desaturases. Ceramide can be glycosylated by glucosylceramide synthase or galactosylceramide synthase; converted to sphingomyelin by sphingomyelin synthase; or finally broken down by a ceramidase to form sphingosine. Sphingosine can be phosphorylated by one of two SphKs (SphK1 and SphK2) to form sphingosine-1-phosphate (S1P). The only exit pathway of sphingolipid pathways is metabolism of S1P mediated by S1P lyase. Most of sphingolipids can be recycled into sphingolipid pathways by specific enzymes. SPT, serine palmitoyl transferase; CDase, ceramidase; DAG, diacylglycerol; GCase, glucosyl ceramidase; GCS, glucosylceramide synthase; PC, phosphatidylcholine; SphKs, sphingosine kinases; SMS, sphingomyelin synthase.
of their enigmatic nature (39,40). Sphingosine was discovered around 1880 by Thudichum, who isolated it from the hydrolysis products of phrenosin, characterized it as a base of empirical composition C 17 h 35 NO 2 , and described a number of its salts (41). In 1968, Stoffel et al proposed the importance of SphK is not restricted to catabolism of sphingolipids (42). In 1989, hannun and Bell found that sphingosine and lysosphingolipids elicited a variety of cellular responses, including antagonism of phorbol eater-induced responses, blockage of platelet and neutrophil function, and inhibition of growth factor action (43). Later in the same year, Okazaki et al demonstrated the existence of a 'sphingomyelin cycle' in human cells and suggested the products of sphingolipids may play a role in cell differentiation (44). In 1998, Olivera et al purified SphKs from rat kidney for the first time (20) , providing the basis for molecular characterization of key enzymes in sphingolipid signaling. To date, two mammalian SphKs have been characterized, cloned and sequenced.
Initial SphK inhibitor development has utilized molecules derived from sphingosine, including L-threo-dihydrosphingosine (DhS:Sfingol), N,N-dimethylsphingosine (DMS) and N,N,N-trimethylsphingosine (TMS). They block the activities of both SphK1 and SphK2 by competing with the natural substrate sphingosine. Safingol has been proven to show therapeutic value in treating patients with locally advanced or metastatic solid tumors, which has now entered phase I clinical trials (NCT00084812). however, these sphingosine mimic compounds have low specificity with several important off-targets, such as protein kinase C (PKC), ceramide synthase (CerS) (45). In 2003, French et al revealed four different types of nolipidic small molecules, SKI-I SKI-II; SKI-III; SKI-Iv, with SphK inhibitory effect at submicromolar to micromolar concentrations (38). These four derivatives were shown to be selective toward human SphKs compared with a panel of human lipid and protein kinases (38). Moreover, these compounds had antitumor activity in vivo without obvious toxicity, providing the first evidence that SphK inhibitor can be developed as anticancer drugs. In 21st century, selective SphK inhibitor drugs attracted more attention. ABC294640 is the first selective SphK2 inhibitor, which has completed phase I clinical trials recently for treatment of advanced solid tumors (NCT01488513). The first SphK1-specific inhibitor, SK1-I, was described by Paugh et al in 2008 (46). From then, more selective SphK compounds were developed.
SphK inhibitors

Sphingosine-based SphK inhibitors
Sphingoguanidine based SphK inhibitors. Sphingoguanidine based SphK inhibitors are composed of a sphingolipid backbone and a guanidine moiety at the head. The guanidine region mimics the polar head of sphingosine. guanidine is believed to be able to interact with ATP directly in the catalytic center of some enzymes and to impede the phosphorylation reaction (47,48). Representative compounds of this type of SphK inhibitor are SLR080811, SLP120701 and LCL351 (Fig. 2) .
Among the compounds in this category, LCL351 is the most effective agent. It exhibits half maximal inhibitory concentration (IC 50 ) values of 40 and 300 nmol/l for inhibition of SphK1 and SphK2 respectively, indicating a special selectivity for SphK1 (47,48). Except the long chain followed by guanidine moiety, these sphingoguanidine based SphK inhibitors usually bear an oxadizole linker ring. The structure-activity relationship studies indicated that the removal of a hydroxyl group on the pyrrolidine ring of sphingoguanidine based inhibitors acted as a molecular switch to selective SphK2 inhibition (49). Furthermore, insertion of a single methylene unit as a spacer between the oxadiazole and pyrrolidine rings can increase the selectivity to inhibit the function of SphK1 in this category (49).
Amidine based SphK inhibitors. Amidine-based SphK inhibitors are also structural analogues of sphingosine that prevent from the substrate binding to the domain of the SphKs, including vPC96091, vPC96077, and compound 11 in patent WO2013/119946A1 (50-52) (Fig. 2) . however, the hydroxyl group located in the polar head of sphingosine is removed in this category. Considering that the hydroxyl group is responsible for phosphorylation (53) , these compounds, which are difficult to phosphorylate, would be more effective in suppressing the activity of SphKs.
The amidine-based SphK inhibitors showed high selective activity to SphK1 with in vitro potency in the nanomolar range. Compound 11 is the representative one with 705-fold selectivity for SphK1 and is the most selective SphK1 inhibitor reported until now (50) . The unique torsional angle of the cyclopropane ring in compound 11 provides improved presentation of amidine in the active site. Biological evaluation of amidine based SphK inhibitors reveals substantial differences in inhibitory quality of molecules containing isomeric oxadiazoles. Compounds containing 3-aryl display significantly higher potency and selectivity for SphK1 than those containing 5-aryl 1,2,4-oxadiazole isomers (compound 20 in patent WO2013/119946A1) ( Fig. 2) , while the compounds containing 1,3,4-oxadiazoles (compound 30 in patent WO2013/119946A1) ( Fig. 2 ) display intermediate potency (52) . Moreover, meta-substitution in the phenyl ring increases the efficacy for all isomers (50) .
Bicyclic aryl based SphK inhibitors. Bicyclic aryl based SphK inhibitors are fused bicyclic sphingosine analogs. The fused bicycle is naphthalene, isoquinoline, quinoline, quinazoline or indole (54, 55) . Among them, Naphthalene based compounds are studied most thoroughly. Naphthalene based SphK inhibitors are tail region modifications of sphingosine, including SLC5091592, SLC5081308 and SLC5111312 (Fig. 2) . Removal of the lipophilic tail completely abolishes the inhibitory activity of naphthalene based SphK inhibitors. Also it is necessary for the tail region to bear internal phenyl ring(s) (56) . Detailed investigations on the tail region of a scaffold that features a lipophilic naphthalene ring holding SphK inhibition activity were conducted by Congdon et al (57) . These analogues possess a binding mode similar to sphingosine in the ligand binding pocket and are competitive with sphingosine, independent of ATP.
SLC5091592 is the most representative and potent agent of naphthalene-based SphK inhibitors, which incorporates a 4-trifluomethylbenzyl 'tail' and displays high selectivity toward SphK2 (57) . The replacement of 4-trifluomethylbenzyl results in significant inhibition of SphK2 at 1 µM (µmol/l) inhibitor concentration without any inhibition of SphK1, as the CF 3 group can impact SphK2 selectivity. The corresponding meta version was also generated by Congdon et al, but it was less potent (57). Other halogens (Br and Cl) are equally potent in the meta and para positions. Also, the length of the molecule is of great significance. The ideal head to tail (positive charge to terminal methyl group) length is ~18-21 atoms (57). Moreover, there is a dependence on SphK2 activity and selectivity with alkyl chain length of naphthalene based inhibitors, suggesting a larger lipid binding pocket in SphK2 compared to SphK1 (56, 58) .
Amino-alcohol based SphK inhibitors. Amino-alcohol based SphK inhibitors are sphingosine analog inhibitors bearing an amino alcohol head group, including FTY720, (S)-FTY720-vinylphosphonate, FTY720-OCh3 and Sg-12 ( Fig. 2) . The amino alcohol group is molecular target of SphK2 competing with sphingosine (53) . Apart from the amino alcohol group, the structures of these derivatives all contain a 1,4-disubstituted phenyl ring acting as a rigid linker group and a lipophilic tail which is important for interactions with hydrophobic binding pocket of S1P receptors (S1PRs) (53) .
, also known as fingolimod, is one of most studied sphingosine analog inhibitors. It is phosphorylated by SphK2, and the product (FTY720-P) acts as an agonist of four of the five S1PRs (excluding S1PR2), with concentration for 50% of maximal effect (EC 50 ) values in the nanomolar range (59) . This compound was approved by US Food and Drug Administration (FDA) in September 21, 2010 for the treatment of multiple sclerosis and has been used in the clinic to quell symptoms and slow the progression of multiple sclerosis. Moreover, it completed phase 3 clinical trials for its efficacy and safety in de novo adult renal transplant recipients (NCT00239876).
Small molecule SphK inhibitors
Lipidic small molecule SphK inhibitors. Benzene sulfonamide-based inhibitors of SphKs were identified through a structure-base approach to target ATP-binding pocket of SphKs. These compounds are docked into ATP-binding pocket of SphKs, and are predicted to form close associations with Asn22, Arg24, Thr54, Ser79, gly80, Asp81, gly82, Leu83 and Ser112 of ATP-binding pocket in SphKs (60) . To confirm the orientation binding of these compounds, its ability of inhibiting the ATP-binding pocket mutants of SphKs was assessed in patent WO2016007993 (A1) through alanine mutagenesis. Their inhibition was reduced by ~3-fold by the T54A, L83A, R185A and S112A mutations and ~2-fold by the S79A, R24A and R191A mutations. These findings confirmed the inhibitor target of ATP-binding pocket of SphKs (60) .
The most representative compounds in this category is MP-A08 (Fig. 3) , 4- 
containing two benzenesulfonamide groups joined by a benzylidene-aniline group. To assess the selectivity, MP-A08 was tested against purified recombinant SphKs. MP-A08 showed no inhibition of human DAGK and only weak influence on CERK. This hinted that inhibitors of this type may overcome at least some of the off-target effects of sphingosine-like molecules. MP-A08 is a higher affinity inhibitor of SphK2 than SphK1, with inhibitory constant (Ki) values of 6.9±0.8 and 27±3 mM, respectively (60) .
Nolipidic small molecule SphK inhibitors. SKI-I, SKI-II, SKI-III and SKI-IV were identified by a high throughput screen by Smith and co-workers in 2003 (Fig. 3) . They are the first nolipidic small molecules of SphK inhibitors. Among them, SKI-II, 2-(p-hydroxyanilino)-4-(p-chlorophenyl)thiazole, is the most extensively studied compound, with high oral bioavailability and limited toxicity (61) . It is an SphK1/2-dual inhibitor which favors SphK2 inhibition (62) and has been commercialized (63) . SKI-II induces lysosomal degradation of SphK1 rather than directly inhibiting catalytic SphK1 activity or competing the ATP-binding site (64) . however, whether this is an SphK1-specific effect or a more general effect also affecting other proteins determined for lysosomal degradation remains unclear, thus providing additional targets for SKI-II (64) . A recent study revealed a dual mechanism of action for SKI-II: abrogating estrogen receptor (ER) signaling, possibly through direct binding to ER, similar to tamoxifen (63), which is consistent with previous speculation of its additional targets.
A series of phenyladamantane-based compounds showed the inhibitory activity to SphKs. They are competitive inhibitors in respect to sphingosine. The most famous compound is ABC294640 (Fig. 3) . ABC294640, 3-(4-chlorophenyl)-adamantane-1-carboxylic acid (pyridin-4-ylmethyl) amide, is the first SphK2 inhibitor with a Ki of 9.8 µM, and it reduces the amount of S1P in intact cells (65) . It shows great therapeutic value in cancer treatment (32) and has completed phase I clinical trials for advanced solid tumors recently (NCT01488513). Moreover, ABC294640 was found not only to inhibit STAT3 phosphorylation, which is the key signaling pathways in regulating cholangiocarcinoma cell proliferation and survival, but also to induce autophagy of cholangiocarcinoma cells (66) . Furthermore, it possesses the same antiestrogenic activity as SKI-II, similar to tamoxifen (67) . Apart from ABC294640, ABC294735 is another potent compound in this series (Fig. 3) . It is a modification of the pyridylmethyl substituent on amide group of ABC294640 by a dihydroxyphenyl ring. Different from ABC294640, it induced inhibition in a dose-dependent manner of both SphK1 and SphK2 (IC 50 =10 µM) (126) . Therefore, it is considered a dual inhibitor of SphK1 and SphK2.
SphK inhibitors from natural sources. Nature has provided us with basis of many medicines in clinical use today. Many compounds (68) . The structures of these compounds were elucidated by a combination of spectroscopic analyses to be new esters of 4-amino-3-hydroxybenzoic acid with long-chain unsaturated alcohols (69) . Three functional groups including the long unsaturated aliphatic chain, 4-amino and 3-hydroxyl were identified (69) . Other inhibitors were developed from natural sources, include Jaspine B (70), F-12509A, and polyphenols. Although these inhibitors are moderately potent, with in vitro Ki ranging from 2 to 58 mM, their selectivity and large-scale production capabilities remain unknown.
The applications of SphK inhibitors
Cancer. SphK1/2 are expressed 2-8-fold higher in various cancer tissues (e.g., breast, lung, ovarian, stomach and colon cancers) than in normal control tissues in both messenger (m)RNA and protein levels (35), indicating participation of SphKs in evolution and progression in cancer. They take part in cancer progression through two major different ways: one is SphKs themselves as oncogenes, the the other is their functions of metabolites.
Firstly, SphKs may act as oncogenes, involved in oncogenic h-Ras-mediated transformation. Xia et al proved that SphK1 acted as an oncogene, involving in a novel signaling pathway for Ras activation (23) . Furthermore, SphK1 itself could induce cancer cell migration and tumor angiogenesis through its key role in epidermal growth factor (EgF) directed motility (71, 72) . SphK1 and SphK2 can promote breast cancer cell growth through mediating mitogenic action of insulin (73) . However, there is an opposite example that specific inhibition of SphK1 had no effect on the proliferation and survival of head and neck carcinoma cells (74) , which means that different cancer show different tissue specificity of SphKs.
Secondly, the products of SphKs, especially S1P, can participate in cancer progression. S1P can specifically bind to amino-terminal ring domain of tumor necrosis factor (TNF) receptor-associated factor 2 (TRAF2) (75, 76) , an E3 ubiquitin ligase that modulates TNF-α-induced activation of nuclear factor-κB (NF-κB) signaling. It also activates signal transducer activator of transcription 3 (STAT3) (77) (78) (79) (80) (81) . So, S1P can serve as a master switch in carcinogenesis by activation of two transcriptional regulators, TRAF2 and STAT3. S1P not only exerts function by binding to other receptors, but also precedes its function by its own receptors.
Many SphK inhibitors mentioned above have antitumor activity, some of which have entered the stage of clinical trials. For example, MP-A08 reduces the growth of human lung adenocarcinoma in a mouse xenograft model by both inducing tumor cell apoptosis and inhibiting tumor angiogenesis; ABC294640 was reported in reducing the growth of prostate and colorectal cancer (32,82), and also effective in other solid tumors, which was completed in phase I clinical trials (NCT01488513); and SKI-II can induce growth inhibition and apoptosis in human gastric cancer (83, 84) .
Allergic and inflammatory diseases. Allergic inflammatory disease is caused by hypersensitivity of the immune system and leads to inflammation. It was reported that level of S1P was increased in bronchoalveolar lavage fluid of allergic asthma after allergen challenge, revealing a potential mechanism of S1P involving in allergic inflammatory diseases (85) . The mechanisms are varied and introduced below. Firstly, S1P mediates intercellular adhesion molecule-1 (ICAM-1) through p38 mitogen-activated protein kinase (MAPK) and p42/p44 MAPK-dependent Akt activation, and then causes lung injury (86) . Secondly, intracellular S1P can induce cyclooxygenase-2 (COX-2) expression via activation of S1PR2 and p42/p44 MAPK-dependent signaling in renal mesangial cells, leading to enhanced prostaglandin E 2 (PgE 2 ) formation and cell migration (15, 87) . Apart from COX-2, CD23 expression is significantly increased in S1P-treated animal models. CD23 is a low-affinity receptor for IgE and considered to regulate IgE production (88, 89) . High expression of CD23 causes high level of IgE, which is responsible for the activation of mast cells (90) . Thirdly, IgE mediated mast cell activation leads to the activation of SphK, resulting in increased formation of S1P (90), which forms a vicious circle. Administration of S1P to nude mice does not elicit airway smooth muscle hyper-reactivity and lung inflammation, which indicates a Th2-like bias mechanism of S1P (85) . Fourthly, S1P signaling plays a role in immune-cell trafficking (91, 92) . S1P regulates both the homing of immune cells to lymphoid organs and their egress into blood and lymph (93) . For example, S1PR1 is decisive for T and B cell egress from lymph nodes and for the exit of mature thymocytes, both conventional T cells and natural killer T (NKT) cells (94) .
The therapeutic value of SphK inhibitors in allergic inflammatory diseases has been confirmed in animal models (16) . SK1-I and DMS were both reported to reduce ovalbumin-induced airway hyper-responsiveness (AhR) and airway inflammation in mice sensitized to ovalbumin significantly (95) . These compounds decrease the number of eosinophils and levels of the cytokines, TNF-α, chemokines eotaxin and chemokine ligand 2 (CCL2) in bronchoalveolar lavage fluid. SphK inhibitors also inhibit activation of NF-κB in lungs (96) , a master transcription factor that regulates the expression of proinflammatory cytokines. Recently, a clinical trial recruited for evaluation the S1P as a novel biomarker in food allergy (NCT01776489). Thus, SphKs are novel therapeutic targets for the treatment of allergic diseases.
Cardiovascular diseases. Cardiovascular disease (CvD) is a general term for conditions affecting the heart or blood vessels. The majority of S1P in plasma is associated with high-density lipoproteins (hDL), and the amount of hDL-S1P affects the quantity and quality of hDL-dependent functions (97, 98) . A number of studies have linked plasma hDL-S1P to the incidence of coronary artery disease (CAD) i) hDL-S1P was lower in patients with stable CAD than in healthy individuals; ii) in contrast, hDL-S1P was higher in CAD independent of hDL-cholesterol than in healthy individuals and even higher in acute myocardial infarction (AMI); iii) hDL-S1P correlated negatively with the severity of coronary atherosclerosis (99, 100) . So the plasma S1P may act as a biomarker for discriminating patients with myocardial infarction (MI) and stable CAD from healthy individuals. Also, S1P takes an important part in chronic cardiac remodeling. Firstly, SphK1/S1P/S1PR1 signaling is a main cause of collagen deposition and myofibroblast activation stimulated by transforming growth factor (TgF), which contributes to cardiac fibrosis and remodeling (101) . Secondly, the NF-κB and STAT3 in the cardiomyocyte can be activated by cardiac SphK1/S1P/ S1PR1 signaling, leading to the overproduction of proinflammatory cytokines and pathological cardiac remodeling (102, 103) . Thirdly, SphK1/S1P/S1PR1 signaling regulates β1-adrenergic receptor (β1-AR) stimulation-induced activation of proinflammatory responses in the cardiomyocyte, a well-recognized mechanism of chronic cardiac inflammation following MI (104) . Stimulation of β1-AR upregulates SphK1 expression and increases S1P production in the cardiomyocyte (104) . So cardiac SphK1/S1P/S1PR1 signaling plays a crucial role in the regulation of cardiomyocyte pro-inflammatory responses and contributes to cardiac remodeling. Furthermore, as we mentioned before, SphK1 and S1P are critical for EgF-based angiogenesis. S1P signaling regulates vascular function (105) , such as vascular tone and endothelial barrier, the regulation of blood pressure, and anti-atherosclerotic effect. S1PR1 also regulates cardiac function by modulating intracellular Ca 2+ homeostasis and Na + /h + exchange through its inhibitory effect on adenylate cyclase (106) . These key findings on SphK and S1P may offer novel therapeutic approaches to CvD. however, there is no approved clinical use or clinical trials of SphK inhibitors in treatment of CvD. Only a few compounds have been confirmed to show therapeutic values in CVD on mice or rats, for example, SKI-II exacerbating atherosclerosis in low-density lipoprotein receptor-deficient mice on high cholesterol diet. SphK/S1P-based therapy is a completely new area in CvD treatment.
Transplantation. graft-versus-host disease (gvhD) and transplant vasculopathy (Tv) represent the main cause of graft failure and reduce the ratio of long-term success after organ transplantation (107,108). As mentioned above, SPhK1/S1P signaling is involved in immune response and vascular function which are both important factors of transplantation. S1PR1 is essential for lymphocyte recirculation (109) . It regulates lymphocyte egress from both thymus and peripheral lymphoid organs, which can reduce the chance of lymphocyte reaching the lesion site and prolong the survival time of the transplanted organ (109, 110) . Also, many studies have linked SphK1/S1P signaling to the prognostic of transplantation: i) transplant arteriosclerosis was markedly reduced in animals with SphK1 suppressed by fish oil (111) ; ii) GVHD and graft rejection was prevented by antagonizing the function of S1P in rat small bowel transplantation (107); iii) SphK1/S1P pathway contributed to in vivo intimal hyperplasia and caused the transplant vasculopathy (108) . FTY720, an SphK inhibitor, reduces the number of lymphocytes in the peripheral circulation selectively and prolongs the survival of transplanted organs, with no harm to the immune response to virus and immune memory function (110, 112) . It has been used on patients who receive transplantation in clinic and has showed great synergistic effect with cyclosporin A, FK506 and other first-line immunosuppressants (113) (114) (115) (116) . FTY720 finished its phase 3 clinical trails for its efficacy and safety in de novo adult renal transplant recipients in 2011 and has achieved a clear effect and slight adverse reaction in preventing immune rejection after transplantation.
The central nervous system. SphK/S1P has different roles in different central nervous diseases (117) . SphK2 plays primary roles by regulation of mitochondria function and modulation to dopaminergic neurons in Parkinson's disease (118, 119) . Mitochondrial dysfunction is a feature of Parkinson's disease. SphK2 is located predominantly in mitochondria. The inhibition of SphK2 decreases the expression of peroxisome proliferatoractivated receptor γ coactivator-1α (PgC-1α) and its downstream targets nuclear respiratory factor 1 (NRF-1) and mitochondrial transcription factor A (TFAM), which are the key transcription factors regulating mitochondrial function (118) . Also, SphK2/ S1P regulates the survival of the dopaminergic neurons (119) . Dopaminergic neurons are related to the clinical development of Parkinson's disease. In Alzheimer's disease (AD), amyloid-β (Aβ) induces neuronal apoptosis, which is an important part in the pathogenesis of AD. siRNA knockdown of SphK1 expression increases the load of Aβ, altering the toxicity of Aβ, and worsening learning and memory ability in animal models (120, 121) . S1P formed by SphK2 can bind to full-length b-secretase-1 (BACE1) and increase its proteolytic activity (122, 123) . SphK2 is also involved in nociception. SphK2 knockout mice demonstrated its facilitation of nociceptive transmission during the late response (124) , but the exact mechanism is still unknown.
In multiple sclerosis, the immunomodulating drug FTY720, also a sphingosine-based inhibitor of SphKs and S1PR, completed phase 3 clinical trials for relapsing-remitting multiple sclerosis and was approved for oral treatment of multiple sclerosis by FDA, September 22, 2010. It can cross the blood-brain barrier (BBB) and accumulate in the central nervous system. FTY720 acts on brain cells directly and provides protection against the neurodegenerative component (125) . In addition, because SphK1 and SphK2 exert different effect on the central nervous system, development of selective SphK inhibitors becomes particularly important.
Virus infections. Negative-strand RNA virus, including influenza virus and measles virus, have become major health concerns and significant economic burden throughout the world. SphK1-overexpressing cells are more susceptible to viral infection and have more progeny virus and viral protein expression than control cells after being infected, which provides supporting evidence of increased viral replication in SphK-cells. SphK2 is co-localized with viral RNA and nonstructural proteins. Targeted impairment of SphK2 expression or function significantly inhibits virus infection. Furthermore, affinity purification-mass spectrometry studies revealed that SphK2 associates with a number of proteins involved in cellular gene expression specifically during viral infection, suggesting its role in viral replication (19) .
DMS and SKI-II have been identified to inhibit influenza viral protein expression in MDCK cells. These two inhibitors also suppress the production of infectious influenza virus particles from the cells. SKI-II displays a stronger activity on inhibiting virus production with an EC 50 of 2.5 µM, than DMS, which has an EC 50 of 4.1 µM (19) . At present, there is no SphK inhibitor entering clinical trials for virus infections and animal experiments are also limited, so this application needs many further studies.
Discussion
SphKs are key enzymes in the sphingolipid metabolic pathway which phosphorylates sphingosine into S1P, thus providing an essential checkpoint that regulates the relative levels of ceramide, sphingosine and S1P. The two isoforms of SphKs (SphK1 and SphK2) are the only enzymes responsible for the equilibrium between the S1P and sphingosine (62) . They differ in the enzyme kinetic properties, temporal and spatial distribution, implyiing that they have distinct physiological functions. S1P participates in many cellular functions, including cell proliferation, cell morphology, tumor cell invasion, platelet aggregation, endothelial cell chemotaxis and angiogenesis. SphK/S1P signaling pathway has become a focal point in biological research, with therapeutic values for many diseases, including cancer, central nervous system diseases, virus infections, rejection after transplantation, cardiovascular diseases, and inflammatory diseases.
With the intense interest in SphK/S1P signaling pathway, many SphK inhibitors were developed. Three of five conserved domains identified within SphK are found in DAgK and CERK, whereas C4 appears to be unique in SphKs. Also SphK inhibitors have been shown to inhibit the ERK and Akt signaling pathways as a downstream event of SphK inhibition. These signaling pathways and kinases are also involved in many other physiological and pathological processes. So SphK inhibitors more or less have some off-targets effects. Identification of these off-targets that would work synergistically with SphKs, and develop compounds to target the unique C4 domain should be the focus of future studies.
Most SphK inhibitors target the substrate of SphKs or binding pocket of sphingosine or ATP in SphKs. Sphingosine-based SphK inhibitors are the structural modifications of sphingosine in its polar head, lipophilic tail or the linker. Initial sphingosine-based SphK inhibitors, including DhS, DMS and TMS, have low specificity, with several important off-targets effects. Later on, more selective inhibitors were identified, including amidine based SphK inhibitors, naphthalene based SphK inhibitors, sphingoguanidine based SphK inhibitors and many small molecules. The modifications, increasing the selectivity to one of the two isoforms, now focus on the alkyl length, the spacer between the head and linker rings, and the insertion and the position of lipidic group in tail region.
Recently, SphK1 is the most developed SphK inhibitor. Some promising potent and selective SphK1 inhibitors are appearing with best biochemically characterized inhibitor in vitro and in vivo. Unfortunately, current SphK2 inhibitors are moderately potent and only ~10-fold selective. The first SphK2 selective inhibitor described, ABC294640, has been tested in a variety of animal models of disease with some success, but some of the effects observed in in vivo studies may be attributed to off-target effects of this low-potency compound. SLR080811 is a secondgeneration SphK2 inhibitor that is ~10-fold more potent than ABC294640 but no more selective. A curious aspect of SphK2 is its absence in the results in mice in circulating S1P levels that are three times that of normal (SphK1 ablation results in one-half normal levels). SLR080811 treatment recapitulates this phenomenon. If the propensity to raise S1P levels is a general property of SphK2 inhibitors and if this effect extends beyond rodent species, then application of selective SphK inhibitors could be used to raise or lower circulating S1P levels.
The physiological role of S1P is complex, and SphKs play a pivotal role in the S1P signaling axis. Numerous in vitro and in vivo studies indicate targeting SphKs for the potential treatment of many diseases. SphK1 and SphK2 were reported to hold therapeutic values, however, whether the inhibition of one of them alone is enough remains uncertain. More kinases are targeted, more side effects will occur, so it is necessary to find the exact function of each isoforms of SphKs. With further investigation of S1P/SphK signal pathway, the mechanisms of its role in different systems will be better understood. Candidate SphK inhibitors will be optional therapeutic choice and need to be proven by clinical trials. Only a few compounds have entered the clinical trials. The assumption that animal or in vitro responses would be predictive of human in vivo reaction is not considered to be accurate. So we consider that increasing the number of SphK inhibitors in clinical trials is necessary. 
